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Higgs-like

The resonance is at ~126 GeV and it is SM-Higgs-like
10% -ish deviations still allowed



Non-discovery SUSY



Non-discovery exotics

+electroweak - Gap to new physics - Natural?



Status of light scalars

MSSM

composite Higgs

color code

100 150 200 300 GeV

unnaturalnatural

other options?? H=Dilaton ?

 SM      valid up to Planck

unstable metastable trivial

All models seem to be under strain



S.B.  Scale invariance

hO(x)i = f

�
CFT operator gets VEV:

2 Scaling and Dilaton basics

In this section we summarize the basic properties of scale transformations and dilaton cou-
plings. Scale transformations [28] are given by (for x ! x0 = e�↵x)

O(x) ! O0(x) = e↵�O(e↵x) , (2.1)

where � is the matrix of dimensions (including classical and quantum e↵ects) for the oper-
ators O. The action changes under scale transformations as

S =
X

i

Z

d4x giOi(x) �! S 0 =
X

i

Z

d4xe↵(�i�4)giOi(x) , (2.2)

which implies the well-known result that all operators must have dimension �i = 4 for all
Oi in order for the action to be scale invariant. The linearized transformation of the action
is then

S �! S +
X

i

Z

d4x↵gi(�i � 4)Oi(x) . (2.3)

Let us assume that scale invariance is broken spontaneously by the VEV of a dimension-
ful operator hOi = fn where n is the classical dimension of O. The spontaneous breaking of
scale invariance will imply the existence of a Goldstone boson for scale transformations, the
dilaton, which transforms inhomogeneously under scale transformations:

�(x) ! �(e↵x) + ↵f . (2.4)

The low-energy e↵ective theory can be obtained by replacing the VEV with the non-linear
realization

f ! f � ⌘ f e�/f , (2.5)

and requiring that it is invariant under scale transformations:

Leff =
X

n,m>0

an,m
(4⇡)2(n�1) f 2(n�2)

@2n�m

�2n+m�4
(2.6)

= �a0,0 (4⇡)
2f 4�4 +

f 2

2
(@µ�)

2 +
a2,4
(4⇡)2

(@�)4

�4
+ . . . (2.7)

where an,m ⇠ O(1), and a1,1 = 1/2 corresponds to canonical normalization, and a2,4 is
determined by the proof of the a-theorem [29]. The complete set of dilaton couplings within
the scale-invariant sector can be obtained by the replacement in (2.5). However, a more
systematic way is to take advantage of the (approximate) scale invariance of the Lagrangian
at high energies, in order to build an e↵ective Lagrangian for energies below ⇤ ⇠ 4⇡f where
scale invariance is preserved by means of insertions of the dilaton field as defined in Eq. (2.5).

The general assumption we will be making is that there is a conformal sector which is
spontaneously broken, which we will refer to as the “composite sector”, and that there is

3

Corresponding goldstone boson:

Non-linear realization in effective theory:

Restores symmetry to LEEFT
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Dilatations:

Operators transform:



Dilaton Couplings

• Presume a strongly coupled conformal sector 
coupled to weak elementary sector	


• Strong sector has SBSI	


• derive interactions of mass eigenstates with dilaton



Dilaton-Composite Couplings

another sector weakly coupled to it that explicitly breaks the conformal invariance, which
we will refer to as the “elementary sector”. There could also be small explicit breaking terms
within the composite sector. The SM matter fields will be mostly elementary, but some of
them (for example the top) can be partly composite.

2.1 Composite sector couplings

Let us assume that in the UV the theory is determined by the Lagrangian

LUV
CFT =

X

i

giOUV
i , (2.8)

where the operators above include both scale invariant (�UV
i = 4) and small explicit break-

ing terms (�UV
i 6= 4). We treat the explicit breaking couplings as spurions under scale

transformations, and assign to them a fictitious scaling dimension

[gi] = 4��UV
i . (2.9)

The low-energy e↵ective theory, valid below the scale ⇤ ⇠ 4⇡f , might present a di↵erent
field content. The Lagrangian can be written as

LIR
CFT =

X

j

cj (⇧g
ni
i )OIR

j �mj , (2.10)

where cj is an unknown function of the scale invariant couplings and we have expanded in
the small explicit breakings. The power of � is determined by requiring scale invariance:

mj = 4��IR
j �

X

i

ni(4��UV
i ) . (2.11)

For terms with a single power of a symmetry breaking coupling and to leading order in the
dilaton field we have

LIR
breaking =

X

j

cj gi
�

�UV
i ��IR

j

�OIR
j

�

f
. (2.12)

For terms involving no explicit symmetry breaking we have

LIR
symmetric =

X

j

cj
�

4��IR
j

�OIR
j

�

f
. (2.13)

This is just the well-known special case that the dilaton couples to the trace of the energy-
momentum tensor

Leff = ��

f
T µ
µ . (2.14)

4

another sector weakly coupled to it that explicitly breaks the conformal invariance, which
we will refer to as the “elementary sector”. There could also be small explicit breaking terms
within the composite sector. The SM matter fields will be mostly elementary, but some of
them (for example the top) can be partly composite.

2.1 Composite sector couplings

Let us assume that in the UV the theory is determined by the Lagrangian

LUV
CFT =

X

i

giOUV
i , (2.8)

where the operators above include both scale invariant (�UV
i = 4) and small explicit break-

ing terms (�UV
i 6= 4). We treat the explicit breaking couplings as spurions under scale

transformations, and assign to them a fictitious scaling dimension

[gi] = 4��UV
i . (2.9)

The low-energy e↵ective theory, valid below the scale ⇤ ⇠ 4⇡f , might present a di↵erent
field content. The Lagrangian can be written as

LIR
CFT =

X

j

cj (⇧g
ni
i )OIR

j �mj , (2.10)

where cj is an unknown function of the scale invariant couplings and we have expanded in
the small explicit breakings. The power of � is determined by requiring scale invariance:

mj = 4��IR
j �

X

i

ni(4��UV
i ) . (2.11)

For terms with a single power of a symmetry breaking coupling and to leading order in the
dilaton field we have

LIR
breaking =

X

j

cj gi
�

�UV
i ��IR

j

�OIR
j

�

f
. (2.12)

For terms involving no explicit symmetry breaking we have

LIR
symmetric =

X

j

cj
�

4��IR
j

�OIR
j

�

f
. (2.13)

This is just the well-known special case that the dilaton couples to the trace of the energy-
momentum tensor

Leff = ��

f
T µ
µ . (2.14)

4

another sector weakly coupled to it that explicitly breaks the conformal invariance, which
we will refer to as the “elementary sector”. There could also be small explicit breaking terms
within the composite sector. The SM matter fields will be mostly elementary, but some of
them (for example the top) can be partly composite.

2.1 Composite sector couplings

Let us assume that in the UV the theory is determined by the Lagrangian

LUV
CFT =

X

i

giOUV
i , (2.8)

where the operators above include both scale invariant (�UV
i = 4) and small explicit break-

ing terms (�UV
i 6= 4). We treat the explicit breaking couplings as spurions under scale

transformations, and assign to them a fictitious scaling dimension

[gi] = 4��UV
i . (2.9)

The low-energy e↵ective theory, valid below the scale ⇤ ⇠ 4⇡f , might present a di↵erent
field content. The Lagrangian can be written as

LIR
CFT =

X

j

cj (⇧g
ni
i )OIR

j �mj , (2.10)

where cj is an unknown function of the scale invariant couplings and we have expanded in
the small explicit breakings. The power of � is determined by requiring scale invariance:

mj = 4��IR
j �

X

i

ni(4��UV
i ) . (2.11)

For terms with a single power of a symmetry breaking coupling and to leading order in the
dilaton field we have

LIR
breaking =

X

j

cj gi
�

�UV
i ��IR

j

�OIR
j

�

f
. (2.12)

For terms involving no explicit symmetry breaking we have

LIR
symmetric =

X

j

cj
�

4��IR
j

�OIR
j

�

f
. (2.13)

This is just the well-known special case that the dilaton couples to the trace of the energy-
momentum tensor

Leff = ��

f
T µ
µ . (2.14)

4

another sector weakly coupled to it that explicitly breaks the conformal invariance, which
we will refer to as the “elementary sector”. There could also be small explicit breaking terms
within the composite sector. The SM matter fields will be mostly elementary, but some of
them (for example the top) can be partly composite.

2.1 Composite sector couplings

Let us assume that in the UV the theory is determined by the Lagrangian

LUV
CFT =

X

i

giOUV
i , (2.8)

where the operators above include both scale invariant (�UV
i = 4) and small explicit break-

ing terms (�UV
i 6= 4). We treat the explicit breaking couplings as spurions under scale

transformations, and assign to them a fictitious scaling dimension

[gi] = 4��UV
i . (2.9)

The low-energy e↵ective theory, valid below the scale ⇤ ⇠ 4⇡f , might present a di↵erent
field content. The Lagrangian can be written as

LIR
CFT =

X

j

cj (⇧g
ni
i )OIR

j �mj , (2.10)

where cj is an unknown function of the scale invariant couplings and we have expanded in
the small explicit breakings. The power of � is determined by requiring scale invariance:

mj = 4��IR
j �

X

i

ni(4��UV
i ) . (2.11)

For terms with a single power of a symmetry breaking coupling and to leading order in the
dilaton field we have

LIR
breaking =

X

j

cj gi
�

�UV
i ��IR

j

�OIR
j

�

f
. (2.12)

For terms involving no explicit symmetry breaking we have

LIR
symmetric =

X

j

cj
�

4��IR
j

�OIR
j

�

f
. (2.13)

This is just the well-known special case that the dilaton couples to the trace of the energy-
momentum tensor

Leff = ��

f
T µ
µ . (2.14)

4

UV lagrangian Allow small explicit breaking

In IR, different dof

compensate
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Single power of exp. breaking:
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No exp. breaking:

rescaled tree-level SM SM beta-functions
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Longitudinal components of W,Z, 3rd generation



Couplings - Summary
elementarycomposite

tR⇢ WL Aµ , quarks, leptons

y

beta-functions

L =
v
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W W 2
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+ 2(�UV � �IR)/g F 2
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anomalous dim.overall rescaling
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�, g

��
W ,Z

W ,Z

SM ⇥ v

f
(1 + �)SM ⇥ v

f

v

f

(�UV � �IR + loops)



Experiment
• If the 125 GeV scalar is a dilaton we require:	


• v ~ f  (Alignment of electroweak vev with CFT 
operator vev)	


• moderate anomalous dimensions for heavy 
flavor (b, tau) and flavor symmetry	


• Significant gap to scale of strong dynamics



Can it be light?



The Dilaton Quartic

a > 0

a < 0

a = 0

f = 0

f =1

f =?
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ful operator hOi = fn where n is the classical dimension of O. The spontaneous breaking of
scale invariance will imply the existence of a Goldstone boson for scale transformations, the
dilaton, which transforms inhomogeneously under scale transformations:

�(x) ! �(e↵x) + ↵f . (2.4)

The low-energy e↵ective theory can be obtained by replacing the VEV with the non-linear
realization

f ! f � ⌘ f e�/f , (2.5)

and requiring that it is invariant under scale transformations:
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where an,m ⇠ O(1), and a1,1 = 1/2 corresponds to canonical normalization, and a2,4 is
determined by the proof of the a-theorem [29]. The complete set of dilaton couplings within
the scale-invariant sector can be obtained by the replacement in (2.5). However, a more
systematic way is to take advantage of the (approximate) scale invariance of the Lagrangian
at high energies, in order to build an e↵ective Lagrangian for energies below ⇤ ⇠ 4⇡f where
scale invariance is preserved by means of insertions of the dilaton field as defined in Eq. (2.5).

The general assumption we will be making is that there is a conformal sector which is
spontaneously broken, which we will refer to as the “composite sector”, and that there is
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All the rates scale as v2/f 2, and the inclusive modes as well, since all coe�cients in Eq. (4.1)
for the dilaton are proportional to v/f , and likewise for |Ctot|. Paying attention to the
individual channels one can gain information on the anomalous dimensions. We show in
Fig. 1 the constraints from the present measurements of three di↵erent rates: inclusive higgs
production and decay to ZZ or to ��, Rincl.,ZZ andRincl.,�� respectively, and associated vector
boson production and decay to bb̄, RV h,bb. From the left panel one can see the preference of the
data for values of v/f very close to one, as was already suggested by EWPT (also shown as a
vertical strip). This is driven by the measurement of RV H,bb, since we assumed no deviations
in the coupling to the bottom except for the v/f factor. The inclusive measurements Rincl.,ZZ

and Rincl.,�� are instead sensitive to the �-function coe�cients. In particular, as shown in

the right panel of Fig. 1, Rincl.,ZZ delimits the preferred values for b
(3)
UV , while the overlap

with Rincl.,�� does this for b
(EM)
UV . We also show in Fig. 2 the prediction for these three

rates as a function of b
(3)
UV = b

(EM)
UV /2 (this choice correspond to the symmetric scenario

b
(1)
UV = b

(2)
UV = b

(3)
UV ), and its overlap with current measurements at 1� CL. Enhancement of

the ZZ and �� rates are easily obtained for both v/f = 1 (left panel) and v/f = 0.8 (right

panel). The di↵erence between negative and positive values of b(3)UV is due to the di↵erence
in sign of the SM contribution to ĉg and ĉ�. Finally, notice that the bb̄ rate from associated
production is generically suppressed, due to the lack of enhancement in the production cross
section. This conclusion would not be changed by turning on �b 6= 0, since the bb̄ channel
already dominates the decay of the higgs for �b = 0.

5 General considerations for the dilaton mass

The main di↵erence between a standard Goldstone boson arising from an internal global
symmetry and the dilaton is that scale invariance allows for a non-derivative quartic self
coupling, which plays a crucial role in the discussion of the SBSI:

S =

Z

d4x
f 2

2
(@�)2 � af 4�4 + higher derivatives (5.1)
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Obstruction to SBSI:
• a > 0 ⇾ f = 0 (no breaking)	


• a < 0 ⇾ f =∞ (runaway)	


• a = 0 ⇾ f = anything (flat direction)
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Figure 2: Dilaton predictions for the rates Rincl.,ZZ (green line), Rincl.,�� (orange), and RV H,bb

(blue) as a function of b(3)UV,CFT = b
(EM)
UV,CFT/2 for v/f = 1 (left panel) and v/f = 0.8 (right).

Also shown as horizontal bands the current experimental intervals at 1� CL (same color
code).

The presence of this term will make it very di�cult to achieve the SBSI. When a 6= 0 the
theory is either forced to f ! 1 for a < 0 (a runaway direction), or to f = 0 for a > 0.
Thus one needs to tune a = 0 in the e↵ective theory (as explained by Fubini [41]). In order
to achieve SBSI one needs to relax a = 0 to |a| ⌧ 1, so that the broken phase h�i = 1 is only
metastable. Adding an explicit breaking term to the CFT with an almost marginal operator

�S =

Z

d4x�(µ)O (5.2)

gives rise, in general, to an e↵ective potential for the dilaton of the form

V (�) = f 4F (�(f)) , (5.3)

where F is a function of � which parametrizes the explicit breaking of scale invariance as
a non-trivial function of �. This potential is of the Coleman-Weinberg type when � is
almost marginal. Then, as explained by Weinberg [42] and also stressed by Rattazzi and
Za↵aroni [27], a natural SBSI along with the generation of a large hierarchy of scales is
possible within naturalness. For this one needs a to be small (as assumed) and O to be a
marginally relevant deformation (as in QCD) while � remains perturbative over the relevant
range of renormalization group running. In this case F (�(f)) can have a minimum at a
scale f � ⇤s, where ⇤s is the scale where � would become non-perturbative. Because
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V (�) = a�4 �! V = �4F (�(�))

Quartic has dependence on near marginal coupling:

f

Deformation can stabilize f away from origin

slowly varying 
function of f

f � ⇤s, � stays perturbative and the dilaton remains light, that is scale invariance can be
spontaneously broken. The stationary condition of V is

V 0 = f 3 [4F (�(f)) + �F 0(�(f))] = 0 (5.4)

which results in a dilaton mass

m2
dil = f 2� [�F 00 + 4F 0 + �0F 0] ' 4f 2�F 0(�(f)) = �16f 2F (�(f)) (5.5)

where �0 = d�/d�. In the second equality we have also assumed that �0 ⌧ 1. An explicit
(supersymmetric) example illustrating how this mechanism can work will be presented in
the next section. The Goldberger-Wise stabilization mechanism for the RSI model is also
an example for this mechanism, as we will discuss in detail in Sec. 7.

The main questions related to the naturalness of this mechanism are then why is F ⌧ 1
at the minimum (or, for a perturbative expansion in �, a ⌧ 1) along with � ⌧ 1, and why
are we allowing only almost marginal perturbations. Let us start with F ⌧ 1. The case
F = 0 corresponds to a situation with no potential for the dilaton, and thus an arbitrary
value of f is allowed. This means that there is a flat direction in the theory. The presence of
flat directions is quite natural in supersymmetric theories, however no non-supersymmetric
example of physically inequivalent flat directions is known.7 The closest anyone has been able
to get to this situation were the so-called orbifold gauge theories obtained via projecting out
some of the fields and couplings of an N = 4 SUSY gauge theory [43]. In this case the large-
N limit of the �-functions agrees with those of the SUSY theories, however 1/N corrections
lift the flat directions [44].

The other question is why only close-to-marginal perturbations are allowed, as these are
the only ones that would allow for a light dilaton. This part of the naturalness problem is
thus rephrased in terms of what relevant deformations the CFT supports. If it turns out
that only marginal perturbations are possible then a light dilaton is a natural possibility
(once the flat direction is present). Do such theories exist? Again, SUSY theories (SCFT’s),
especially chiral ones, give a handle on this because of the non-renormalization theorem:
the relevant deformations (if there are any) can be made naturally small. For the case of
non-supersymmetric CFT’s one would expect that only chiral gauge theories might have a
chance of giving a naturally light dilaton, but even those face the question of the origin of a
flat direction.

Let’s try to estimate how much fine tuning is hidden in these assumptions. The mini-
mization condition (5.4) says that for � ⌧ 1 the quartic F must almost vanish. In turn this
ensures that the dilaton mass (5.5) can be made parametrically smaller than f . In other
words, if we start with an almost flat direction, F ⌧ 1, then we can easily stabilize it by a
small breaking controlled by �. However, the starting assumption of almost flatness is itself
plagued by fine-tuning unless a symmetry reason can be invoked. In fact, the NDA for the

7The only other known way of generating flat directions is via the Goldstone theorem, but that will not
generate physically inequivalent vacua as is required for the case with an arbitrary scale f .
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Expanding the potential:

small, so dilaton is light, right?

quartic is

FNDA ⇠ ⇤4

16⇡2f 4
⇠ 16⇡2 (5.6)

making the minimization condition (5.4) behind the flatness of the potential and the lightness
of the dilaton very unlikely to be realized in a generic theory. With such a large quartic the
dilaton mass would be at the cuto↵ m2

dil ⇠ ⇤2, and the explicit breaking of scale invariance
necessarily large,

� ⇠ 4FNDA

F 0
NDA

⇠ 4⇡. (5.7)

As we explain in more detail below, this is the situation realized in QCD-like or technicolor
theories, where the gauge coupling g2, to be identified with �, becomes non-perturbative.
No light scalar degree of freedom with the properties of the dilaton is expected to be present
in the spectrum.

The above naive estimates can be refined for theories where the explicit breaking of
scale invariance comes from a coupling external to the strong conformal sector. In general
its �-function will be given by

�(�) =
d�

d lnµ
= ✏�+

b1
4⇡

�2 +O(�3) (5.8)

which is under control (i.e. small) as long as � remains perturbative, � . 4⇡, for bn ⇠ O(1),
(✏ = b0). Here ✏ is identified as the deviation from marginality of the perturbing operator,
|✏| < 1, which is set by the strongly coupled CFT. The perturbativity of � is a necessary
condition to obtain a parametrically light dilaton, unless one is willing to accept that even in
the non-perturbative regime, the �-function remains small but non-zero over a large range
of values of the coupling constant, which is a very special dynamical assumption, and we
know of no examples of such theories.

The consistency of a perturbative expansion in � with the requirement of SBSI and the
generation of a large hierarchy is determined by the minimization condition (5.4), and can
only be achieved by reducing the intrinsic dilaton quartic a to values comparable with the
symmetry breaking contributions
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#

, c0 ⌧ cn ⇠ 1 , a = (4⇡)2c0 . (5.9)

Then the minimization condition (5.4), expanded in powers of � and ✏, yields �(f) '
4⇡c0/c1 ' 4⇡/�, where � is the amount of fine tuning. The coupling � is allowed to
remain perturbative at the minimum. From the dilaton mass formula (5.5)

m2
dil

⇤2
⇠ �

⇡
' ✏

�

⇡
(5.10)
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F is the cosmological constant in f units:

Need large β to find minimum 

OR we can tune away the quartic to get a near flat-direction

Theory not conformal at scale f - no light dilaton

m2
dil ⇠ 256⇡2f2 ⇠ ⇤2
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Goldberger-Wise
In order to find the amount of tuning in RS-GW we need to review the full dilaton

potential. This was first calculated in [29] examined in great detail in [31, 57, 58] and is
given, in the interesting region where f ⌧ 1/R, by

V = f 4
n

(4 + 2✏) [v1 � v0 (fR)✏]2 � ✏v21 + �a+O(✏2)
o

= f 4F (f) , (7.5)

where v0,1 are the UV and IR VEVs of the GW scalar field in units of the AdS curvature
R, and �a is the tree-level contribution to the quartic from the mistuning of the IR ten-
sion estimated above. The interpretation of this potential is that it is the result of a UV
deformation

�L = �O , (7.6)

where the operator O has dimension 4+ ✏, and with v0 being related to the UV value of the
coupling �, while v1 being related to the VEV hOi. Thus v0 sets the UV value of the source
of explicit breaking of conformality. The latter is parametrized by ✏, the departure from
marginality of O; v1 sets the amount of spontaneous breaking in the limit v0 ! 0, and can
be further interpreted as v1 ⇠ ��(f), an IR threshold contribution. The actual running of � is
given in general by (5.8), which is the actual measure of the explicit breaking of the conformal
symmetry. This explains why in Eq. (7.5), where all bi have been neglected, any non-trivial
dependence on � vanishes for ✏ = 0: ✏ is the contribution of the CFT to the running of �,
and when ✏ ! 0 there is no explicit breaking of the CFT, so the dilaton potential can only
contain a quartic term. Note then that the parameters v0,1 do not automatically break the
conformal symmetry.

The minimum of the potential Eq. (7.5) is at

f =
1

R

 

v1 +
p��a/4

v0
+O(✏)

!1/✏

, (7.7)

which is exponentially smaller than 1/R, yielding the necessary hierarchy for the RS model.
Notice that this minimum is the solution of Eq. (5.4) with a small � function � ' ✏�,
that is F (�(f)) = O(✏). The assumption that ✏ is small is a necessary ingredient in order
to reproduce a large hierarchy of scales, but the fact that the full � function (5.8) remains
small at the minimum is an unnatural outcome, precisely because it requires the vanishing of
the dilaton quartic coupling at the minimum without any symmetry argument or dynamical
mechanism behind it.

We can now quantify the amount of tuning needed in RS in order to obtain the right
hierarchy. In (7.7) we need the correction of the quartic to be not too di↵erent from v1:

p

��a/4 . v1 (7.8)

yielding a tuning of order

� =
a

|�a| &
4⇡2

v21
. (7.9)
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the dilaton quartic coupling at the minimum without any symmetry argument or dynamical
mechanism behind it.

We can now quantify the amount of tuning needed in RS in order to obtain the right
hierarchy. In (7.7) we need the correction of the quartic to be not too di↵erent from v1:
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Notice that this minimum is the solution of Eq. (5.4) with a small � function � ' ✏�,
that is F (�(f)) = O(✏). The assumption that ✏ is small is a necessary ingredient in order
to reproduce a large hierarchy of scales, but the fact that the full � function (5.8) remains
small at the minimum is an unnatural outcome, precisely because it requires the vanishing of
the dilaton quartic coupling at the minimum without any symmetry argument or dynamical
mechanism behind it.

We can now quantify the amount of tuning needed in RS in order to obtain the right
hierarchy. In (7.7) we need the correction of the quartic to be not too di↵erent from v1:
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Light Dilaton?

• Generically, dilaton is not light unless the quartic is 
suppressed relative to NDA	


• To get a light dilaton, need flat direction in vicinity 
of near-zero in β-function or large N	


• While this is natural in SUSY theories, it is not the 
case in non-supersymmetric ones	


• When dilaton is light, does not seem very Higgslike

16⇡20

F

a�F

by tuninga = O(�F )

Non-SUSY light dilaton:
F (�) = a + �F (�)



The EWSB line-up

MSSM

composite Higgs

 SM      valid up to Planck

color code

100 150 200 300 GeV

unnaturalnatural

dilaton

~few%

~few%

~0.1%

~0.000...%

dilaton and composite Higgs in a similar strained state



CPR idea	

(Contino - Pomarol - Rattazzi)

• F(λ) generically large, but if λ near marginal for large 
range of λ, theory will scan over F with scale  
 

• large F will not generate SBSI - minimum when F ~ 0	


• dilaton mass proportional to ε

clearly implying that a complete bulk solution will have a vanishing quartic at the minimum
of the e↵ective potential. In the 5D picture this implies that at the minimum of the potential
one automatically has a vanishing cosmological constant, ⇤

IR

= 0. This is not a miracle,
but rather an output of the ansatz that the original 5D metric has flat 4D slices. General 5D
solutions might not exist with flat 4D slices, in which case a more general ansatz di↵erent
from (2.2) will be needed.

3 Light dilatons via long running?

We want to address the question of under what circumstances can one obtain a naturally
light dilaton, and whether a light dilaton would have any consequances for the magnitude of
the cosmological constant. In a theory with purely spontaneous breaking of scale invariance,
the dilaton must correspond to a flat direction, F = 0 in order for the VEV to not get
destabilized. This is what is achived in the RS model by tuning the IR brane tension, or
in superconformal N = 4 theories by going out on the moduli space for the scalar adjoints.

Focusing on non-supersymmetric theories, one may ask how likely it is for F ⇠ 0 to be
happening in any given theory. The simplest answer is to perform an NDA analysis in the
low-energy e↵ective theory for the dilaton to find an estimate for the size of the quartic [1]
to find F ⇠ 16⇡2. From this point of view spontaneous scale symmetry breaking looks
quite unlikely and tuned at best in non-susy theories.

Contino, Pomarol and Rattazzi [2] have however suggested a quite di↵erent viewpoint.
Their approach is that a theory with F 6= 0 will simply not break scale invariance spon-
taneously. Thus for a successful breaking of scale invariance a theory needs to be able to
scan its value of F , until F ⇠ 0 is reached. In e↵ect one needs a scale dependent quartic
F (µ), which can be achieved by introducing a small coupling �, explicitly breaking scale
invariance via its running

d�

d log µ
= �(µ) ⌘ ✏ ⌧ 1 . (3.1)

This running coupling will in e↵ect adjust the value of F from its UV value (presumably of
order ⇠ 16⇡2). If su�ciently long running is allowed, the corrections �F ⇠ (µ/⇤

UV

)✏ can
become sizeable, and at some scale µ0 we find F (µ0) ⇠ 0. At this scale scale spontaneous
breaking of scale invariance can happen. Since scale invariance is e↵ectively recovered by
substituting µ ! �, this mechanism is not more than a generation of a non-trivial potential
for the dilaton, with its minimum determined by F (�) ⇠ 0. Thus the CPR idea is to let
the theory scan through the values of F driven by the small explicit breaking term. The
running will stop when the critical value F ⇠ 0 is reached and spontaneous breaking of scale
invariance will occur. It is of course very important that the explicit breaking term remains
very small all throughout the running, otherwise the dilaton would pick up a large mass
from the explicit breaking. This is exactly what happens in QCD or in walking technicolor:
one starts out with a small �-function and an approximately conformal theory in the UV.
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A way out?







A Holographic 
Realization



Planck brane IR brane

5D Gravity +	

single bulk scalar field w/ small potential

IR condensates go here

system responds by shifting Planck scale - CC stays zero

(small ϵ)

y

Holography and light dilatons
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1 Introduction

2 Dilaton E↵ective Potential in Generalized holographic

models

A general holographic model can be obtained by considering the action

S =
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of a bulk scalar field � coupled to gravity. Here 

2 is the 5D Newton constant, which is
related to 5D Planck scale via 

2 = 1
2M3

⇤
. We will be considering 4D Lorentz invariant

solutions to the Einstein equations, thus our metric ansatz will be

ds

2 = e

�2A(y)
dx

2 � dy

2
. (2.2)

where e

�A(y) is the general warp factor. The AdS/CFT prescription gives the proper
identification between the extra dimensional coordinate and scale in a dual 4D CFT:

µ = A

0(y = 0)e�A(y) =
1

R

e

�A(y)
, (2.3)
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Metric Ansatz - flat 4D slices
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2 is the 5D Newton constant, which is
related to 5D Planck scale via 

2 = 1
2M3

⇤
. We will be considering 4D Lorentz invariant

solutions to the Einstein equations, thus our metric ansatz will be

ds

2 = e

�2A(y)
dx

2 � dy

2
. (2.2)

where e

�A(y) is the general warp factor. The AdS/CFT prescription gives the proper
identification between the extra dimensional coordinate and scale in a dual 4D CFT:

µ = A

0(y = 0)e�A(y) =
1

R

e

�A(y)
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1

ID of scale - warping

where A

0(0) ⌘ k ⌘ 1/R is the curvature of the asymptotic AdS space.

We can then calculate the e↵ective potential for the dilaton for an arbitrary back-
ground. We will assume that the general background is cut at the position y = y1 with
orbifold boundary conditions, which corresponds to the presumed spontaneous breaking
of conformality. In addition, we may or may not have a UV brane cutting o↵ the AdS
space providing a UV cuto↵ and introducing a dynamical 4D graviton into the theory. The
dilaton is identified as the scale of the spontaneous breaking, which in this case corresponds
to the IR brane position y1, implying

� = e

�
f = e

�A(y1)
. (2.4)

The background has to solve the bulk equations of motion

4A02 � A

00 = �22

3
V (�)

A

02 =


2
�

02

12
� 

2

6
V (�)

�

00 = 4A0
�

0 +
@V

@�

(2.5)

The BC’s (assumed to be Z2-symmetric) are then:

2A0|
y=0,y1 = ±

2

3
V1(�)|y=0,y1 (2.6)

2�0|
y=0,y1 = ±@V1

@�

|
y=0,y1 (2.7)

where the + sign is for the UV brane and the � sign for the IR brane. If no UV brane is
introduced then one would not impose the second boundary condition, but rather extend
the space all the way to the AdS boundary y ! �1.

Let us now calculate the e↵ective potential for the dilatons in one of these general
backgrounds. The e↵ective potential is obtained by integrating the bulk action over the
solutions of the bulk equations of motion, with all UV boundary conditions imposed. How-
ever, at the IR one only imposes the BC corresponding to the scalar field (2.7), but not
the Israel junction condition corresponding to the BC for the warp factor. The e↵ective
potential in terms of the general warp factor A(y) and the general scalar background �(y)
is then given by

V

eff

(�) = �2

Z
y1

y0

dy

p
g


� 1

22
(20A02 � 8A00)� 1

2
�

02 � V (�)

�
+
p
gV |0 +p

gV |1 (2.8)

Here we have integrated over the full circle rather than just over the orbifold. Special
attention has to be paid to the singular pieces in A

00 at the two boundaries, which will give
an additional contribution to the e↵ective potential of

V

(sing)
eff

=

p
g

8A0



2

�1

0

(2.9)
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Bulk EOM Boundary conditions:
The BC’s (assumed to be Z2-symmetric) are then:

2A0|
y=y0,y1 = ±2

3
V1(�)|

y=y0,y1 (3.6)

2�0|
y=y0,y1 = ±@V1

@�
|
y=y0,y1 , (3.7)

where the + sign is for the UV brane and the � sign for the IR brane.

Let us now calculate the e↵ective potential for the dilaton in these general backgrounds.
The e↵ective potential is obtained by integrating the bulk action over the solutions of the
bulk equations of motion, with the scalar BC’s (3.6) imposed both at the UV and the IR.
We do not impose the Israel junction conditions (3.6) corresponding to the BC for the
warp factor. Eventually the UV brane junction condition can be imposed thereby fixing
the location y0 of the UV brane, and possibly at the price of tuning the UV brane tension.
The e↵ective potential in terms of the general warp factor A(y) and the general scalar
background �(y) is then given by

V
eff

(�) = �2

Z
y1

y0

dy
p

g


� 1

22
(20A02 � 8A00) � 1

2
�02 � V (�)

�
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p
gV |0 +

p
gV |1 (3.8)

Here we have integrated over the full circle rather than just over the orbifold. Special
attention has to be paid to the singular pieces in A00 at the two boundaries, which will give
an additional contribution to the e↵ective potential of

V
(sing)
eff

=

p
g
8A0

2

�1

0

(3.9)

while using the bulk equations of motion in (3.5) the smooth part of the bulk is given by

V
bulk

=
2

2

Z
y1

y0

dye�4A(y)(4A02 � A00) = �
p

g
2

2
A0

�1

0

. (3.10)

As expected, the entire e↵ective potential is a boundary term, given in terms of the location
of the IR brane y1 by

V
eff

= V
UV

+ V
IR

(3.11)

with

V
UV/IR

= e�4A(y0,1)


V0,1 (�(y0,1)) ⌥ 6

2
A0(y0,1)

�
. (3.12)

An alternative derivation of this e↵ective potential using the Gibbons-Hawking boundary
action is given in Appendix A. As expected, this potential vanishes for a solution that
actually satisfies the boundary conditions (3.6) which we have not yet imposed. Once
those are satisfied one has a flat solution to the bulk equations of motion and the resulting
e↵ective 4D cosmological constant necessarily vanishes. This does not mean that the entire
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while using the bulk equations of motion in (2.5) the smooth part of the bulk is given by
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As expected, the entire e↵ective potential is a boundary term, given in terms of the location
of the IR brane y1 by

V

eff

(y1) = e

�4A(y1)


V1 (�(y1)) +

6



2
A

0(y1)

�
. (2.11)

As expected, this potential vanishes at the actual location y1 of the IR brane, if the last
boundary condition (2.6) were to be imposed. Since we have assumed that we are starting
out with a solution with flat 4D slices, the e↵ective 4D cosmological constant must be
vanishing, if a solution can indeed be found. This does not of course mean that the entire
potential is identically vanishing. Indeed, using the identification in (2.4) allows us to write
the entire e↵ective dilaton potential in terms of the dilaton field � as

V
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4
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4
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�
�
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�1(� log�R)
��

+
6



2
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0 �
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��

. (2.12)

The form of this potential is in accordance with the expectation that the general dilaton
potential of a spontaneously broken conformal theory should be of the form [1]

V (�) = �

4
F (�(�)) (2.13)

where � is a coupling corresponding to an explicit breaking of scale invariance. In the case
of pure spontaneous breaking the potential should just be a pure quartic, which must be
vanishing once there is a stable vacuum in which scale invariance is spontaneously broken.
For example in the case of pure AdS space without a scalar field (the original RS1 setup)
the e↵ective potential is indeed a pure quartic: A

0 = k, and V1(�) = V1 (the IR brane
potential is just a pure tension) the e↵ective dilaton potential is

V

dil,RS

= �

4
R

4(V1 +
6k



2
) , (2.14)

a pure quartic, which must vanish for the IR brane to not fly away or collide with the UV
brane. From the 5D point of view the vanishing of this quartic is interpreted as the second
fine tuning of RS.

One additional important property of the e↵ective potential (2.11) is that it is auto-
matically minimized at a solution that satisfies the bulk equations of motion and all BC’s.
The minimum of the potential is at
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Imposing bulk eom on Vbulk gives pure boundary term

Dilaton effective potential:
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where � is a coupling corresponding to an explicit breaking of scale invariance. In the case
of pure spontaneous breaking the potential should just be a pure quartic, which must be
vanishing once there is a stable vacuum in which scale invariance is spontaneously broken.
For example in the case of pure AdS space without a scalar field (the original RS1 setup)
the e↵ective potential is indeed a pure quartic: A
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potential is just a pure tension) the e↵ective dilaton potential is
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brane. From the 5D point of view the vanishing of this quartic is interpreted as the second
fine tuning of RS.

One additional important property of the e↵ective potential (2.11) is that it is auto-
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3

Other similar terms from brane potentials 	

and metric jump conditions

Automatically minimized when BC’s satisfied

Precisely of form quartic modulated by chi dep. of F

� ⌘ e�A(y1)
potential identically vanishes, nor does it imply that the minimum of the potential has to
be at zero. In terms of the dilaton field � = e�A(y1) and the location of the UV brane
µ0 = e�A(y0) (which e↵ectively acts as UV cuto↵ regulator), the e↵ective potential is

V
IR

= �4


V1

�
�

�
A�1(� log �)

��
+

6

2
A0 �A�1(� log �)

��
. (3.13)

while V
UV

is obtained by � ! µ0 and a sign flip in front of the A0 term. The form of
this potential is in accordance with the expectation that the general dilaton potential of a
spontaneously broken conformal theory should be of the form [11]

V
eff

(�) = �4F (�(�)), (3.14)

where � is a coupling that introduces an explicit breaking of scale invariance. Therefore
we can make the holographic identification

F = V1 +
6

2
A0 . (3.15)

In the case of pure spontaneous breaking the potential should just be a pure quartic,
which must vanish if there is a stable vacuum in which scale invariance is spontaneously
broken. For example in the case of pure AdS space without a scalar field (the original
RS1 setup) the e↵ective potential is indeed a pure quartic. In this case, we have A0 = k,
and V1(�) = ⇤1 (the IR brane potential is just a pure tension) and the e↵ective dilaton
potential is

V
dil,RS

= �4

✓
⇤1 +

6k

2

◆
. (3.16)

This pure quartic must vanish for the IR brane to not fly away or collide with the UV
brane. From the 5D point of view the vanishing of this quartic is interpreted as the second
fine tuning of RS.

The minimization condition of the dilaton potential Eq. (3.14) can be written as

dV
eff

(�)

d�

����
�=h�i

= 0 , (3.17)

with

dV
eff

(�)

d�
= �3


4F +

@F

@�
�

�
, � =

@�

@ log �
(3.18)

Since we will require that the potential is minimized, we see that at the minimum

F = �1

4

@F

@�
� (3.19)

implying that the potential at the minimum will be proportional to the value of the �-
function. We will derive explicitly this same result from Eq. (3.13) in Section 5. That
the value at the minimum itself might be non-vanishing implies that the solution does not
actually have flat 4D sections, therefore to find the corresponding complete bulk solution
a more general ansatz di↵erent from (3.2) would be needed, along the lines of [22].
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Constant Bulk Potential

4 Constant bulk potential

We consider first the case of a constant bulk potential, i.e. only a cosmological constant
in the bulk, and no �-dependent bulk scalar potential. In this case the bulk only depends
on the derivative of the scalar field, and thus one has a � ! �+ C shift symmetry, which
is signaling the presence of conformal symmetry in this case. Thus one expects this to
correspond to a purely spontaneous breaking of scale invariance in the presence of the
branes. We parametrize the bulk potential as

V (�) = ⇤(5) = �6k2
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though for most arguments the detailed form of the brane potentials will not matter. The
bulk equations of motion for this case can be solved analytically and the solutions are [3]
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c
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A singularity shows up at y
c

, and we assume that y < y

c

, and the eventual IR brane will
appear before the singularity, y1 < y

c

. An unphysical constant in A can be ignored. For
finite y

c

, the AdS boundary is at y = �1,
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The scalar profile is constant in this limit.
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will be finite, thus the space will deviate from pure AdS.
The distances to the branes can be determined from the BC’s (2.6-2.7), and the solutions
are of the form
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) . (4.6)

The separation between the singularity and the brane only depends on the parameters of
the brane potential, and each brane potential V

i

separately fixes the distance of the given
brane to the singularity. In addition, the BC’s at both branes would separately determine
the constant e

�0 in terms of the parameters of the potentials again. However since there
is just one constant, generically there will be no solution, unless a fine tuning relation
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4 Constant bulk potential - flat dilaton potential by

tuning two condensates

Before we discuss the case with a non-trivial scalar bulk potential, it is very instructive to
consider the theory with a constant potential. This is useful for two reasons:

• It provides a 5D gravity dual for the formation of a dimension four condensate and
hence a “soft-wall” version of the RS-model of SBSI.

• This solution will be relevant for the IR region for the discussion of the general case
with a small bulk mass in the next section.

The theory with constant bulk potential corresponds to adding an additional exactly
marginal operator to the theory. If this operator condenses, it is expected to give another
�4 quartic term to the dilaton potential. For the case with a finite UV brane one also
generically expects additional terms suppressed by the UV scale µ0. This will provide
us with an alternative way of obtaining a flat dilaton potential compared to RS/GW. In
GW one tunes the IR brane tension against the bulk cosmological constant to ensure that
the condensate corresponding to the IR brane does not produce a quartic dilaton term,
resulting in a flat dilaton potential. The other possibility considered here is to not impose
the RS tuning at the IR brane, allowing a tree-level quartic from the condensate, but then
canceling this with another quartic corresponding to the condensate of the bulk scalar. By
appropriately tuning the the two condensates against each other one finds another way of
obtaining a flat dilaton potential. While this also involves tuning, the significance of this
is that by introducing the small bulk mass this tuning can be alleviated.

We parametrize the bulk potential as

V (�) = ⇤(5) = �6k2

2
. (4.1)

For concreteness we will choose quadratic brane potentials,

V
i
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i
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i

(� � v
i

)2 , (4.2)

though for most arguments the detailed form of the brane potentials will not matter. The
bulk only depends on the derivative of the scalar field, and thus one has a � ! � + C
shift symmetry, which signals the presence of conformal symmetry in this case. Thus one
expects this to correspond to a purely spontaneous breaking of scale invariance.

The bulk equations of motion for this case can be solved analytically and the solutions
are [23]

A(y) = �1

4
log


sinh 4k(y

c

� y)

sinh 4ky
c

�
(4.3)

�(y) = �
p

3

2
log tanh[2k(y

c

� y)] + �0 . (4.4)
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indeed what we find here, and the explicit expression for the quartic depends on v0, the
value of the scalar field in the UV. One can make the entire potential vanish by tuning
the UV cosmological constant to zero, and by tuning v0 appropriately. The important
di↵erence in this tuning compared to Goldberger-Wise is that here we tune the UV value
of the scalar field (that is the value of the perturbing coupling in the UV), rather than
the IR brane tension (which is arbitrary here). We will see in the next section that this
tuning will be alleviated once we let the perturbing coupling run, that is once we include
a non-trivial potential for �, in particular a mass term, m2 ⇠ ✏k2. Then v0 ! v0(�/µ0)✏,
which will become the leading order term in �/µ0, and will then set the hierarchy.

We should stress that once the tuning on v0 is imposed corresponding to setting the
quartic to zero, a(v0) = 0, the spacetime (3.2) with the warp factor given by (4.3), still
represents the 5D dual of a spontaneously broken CFT, even though the metric deviates
significantly from AdS:

ds2 =

s
sinh 4k(y

c

� y)

sinh 4ky
c

dx2 � dy2 . (4.26)

That this metric corresponds to a spontaneously broken scale invariant theory should be
clear from the previous analysis and the resulting e↵ective potential for the dilaton, but one
can also explicitly consider the e↵ect of the scale transformation y ! y + a, x ! e↵(a)x.
If the IR brane is kept fixed, then this transformation will not leave the metric invariant
simply due to the presence of the IR brane1 - this is exactly what one expects from a
spontaneous breaking of scale invariance. The symmetry is restored by simultaneously
moving the IR brane, y1 ! y1 + a. Due to the scalar BCs that result in (4.14) a shift in y1

should also be accompanied by a shift in y
c

, which will make the shift in the warp factor
y-independent: the net shift in the warp factor is then compensated by the scale factor
e↵(a) = [sinh(4ky

c

)/ sinh(4k(y
c

+ a))]1/2. 2

Notice that in order to obtain a small cosmological constant (neglecting O(�8/µ4
0)

terms), we have to impose the UV RS tuning �0 ⌧ 1. This condition is actually also
needed in order to obtain a suitable dilaton potential, due to the presence of a dilaton-
gravity kinetic mixing, of O(�2/µ2

0) (see Appendix E). If the UV RS tuning is not imposed
we generate a term �0µ

2
0�

2 in the potential, which would not allow for the generation of a
large hierarchy between µ0 and �.

In two appendices, B and C, we present the detailed description of the cases with a
small back-reaction and no bulk mass, and small back-reaction and small bulk mass (the

1The UV brane is a source of explicit breaking, which is eliminated once the UV brane is removed,
µ0 ! 1.

2The reader may notice that e↵(a) is mildly dependent on y1 so that the scale transformation of the
dilaton field is slightly non-linear, � ! f(�)�, with f(�) a slowly varying function. One might then argue
that a more natural parametrization of the dilaton field is provided by � = Exp[�ky1] which transforms
covariantly even though it does not seem to reproducing the expected quartic potential. In fact, in App. E,
we clarify these points and show how both parametrizations are legitimate and give rise to a purely quartic
potential once the kinetic mixing with gravity is properly taken into account.
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But Still Scale Invariant
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4⇤1 +
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1 +
�8
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�0 � v1 �

p
3

2
log
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1 +
�8

�8
� �4

�4

#!2
3

5 . (4.20)

We can see that using (4.14) the IR term will become a pure quartic modulo the
�-dependence of �0 that is suppressed by the location of the UV brane, while the UV
contribution will be a pure cosmological constant given by the RS tuning, and additional
�4/µ4

0-type corrections:

V
IR

= �4
�
a(v0) + O(�4/µ4

0)
�

(4.21)

V
UV

= µ4
0

�
�0 + O(�8/µ8

0)
�
, (4.22)

where a(v0) is a constant that determines the quartic dilaton coupling, which depends on
the UV value of the scalar field v0 (and all the other parameters of the theory), while �0

is the usual RS UV fine tuning condition �0 = ⇤0 � 6k/2. For generic values of the
parameters this potential would be minimized for � ⇠ O(µ0) and thus no hierarchy would
be generated.

Again for the sake of illustration, in the limit �0,1 ! 1 one finds the potentials

V
UV

= µ4
0

2

64⇤0 � 6k

2

0

@1 +
�8 sinh2

⇣
2p

3
(v1 � �0)

⌘

µ8
0 + �8 � 2µ4�4 cosh

⇣
2p

3
(v1 � �0)

⌘

1

A

1/2
3

75 , (4.23)

V
IR

= �V
UV

(µ0 $ �, ⇤0 ! �⇤1), (4.24)

and therefore the quartic dilaton coupling reads

a(v0) = ⇤1 +
6k

2
cosh

✓
2p

3
(v1 � v0)

◆
. (4.25)

This can be made to vanish by properly tuning the UV value of the scalar, v0, which is the
holographic equivalent to a tuning of the initial value of the external perturbation, �(µ0)O.
It is particularly illuminating to notice that in the limit �1 ! 1 we have taken, the whole
IR potential comes from the (6/2)A0 piece, that is from the back-reaction on the metric.
This is easy to understand since the IR � BC fixes �0 ⇠ @V1/@� and due to the structure
of V1 one has V1 ⇠ �02/�1 ! 0 when �1 ! 1.

The generic structure of the e↵ective potential has a very clear explanation: the only
explicit breaking of scale invariance in this theory corresponds to the introduction of the
UV brane. Thus in the limit when the UV brane is removed, the e↵ective potential must
reduce to a pure quartic (plus a UV contribution to the cosmological constant). This is
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Including a bulk mass
1. � EOM in t = log µR coordinates

As we recall, the identification of scale as a function of y is the following:

(1) t = log µR = �A(y), so dt = �A0(y)dy

Using this relationship, we can resolve for A0(y) in terms of �:

(2) A02 =
2

12
�02 � 2

6
V (�) ! 2

12
A02�̇2 � 2

6
V (�)

Thus

(3) A02 = �2

6

V (�)

1� 2

12 �̇
2

Using the substitutions, we can also re-express the � EOM in t coordinates:

(4) �00 = 4A0�0 +
@V

@�

which becomes

A02�̈� A00�̇ = �4A02�̇+
@V

@�

A02�̈�

4A02 +

22

3
V (�)

�
�̇ = �4A02�̇+

@V

@�
(5)

Substituting in the expression for A02 and simplifying gives us:

(6) �̈+


4�̇+

6

2

@ log V

@�

� 
1� 2

12
�̇2

�
= 0

It may be useful to have this in terms of the AdS/CFT dual language, where we
have � = 1/b log g. In this case, the equation, in terms of � = ġ and g, we have

(7)
d

dt
log

�

g
+


4 +

6b2

2

g2

�2
�
@ log V

@g

� "
1� 2

12b2

✓
�

g

◆2
#
= 0

We can even write this as a first order equation that relates the � function (in
principle) to the bulk potential:

(8)
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2

g
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@ log V

@ log g

� "
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For the constant potential (where the derivative of V vanishes), mathematica tells
me:

(9) �(g) =
2
p
3b


g tanh


2
p
3bc1 �

2p
3
 log g

�
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Use bulk eom to eliminate A(y):

The cosmological constant at the minimum is

⇤e↵ ⇡ �1

2
✏ �0

s

��1

✓
6k



2
+ ⇤1

◆
(5.6)

6 Bulk Mass - Csaba/Jay/Brando version

We are using Jay’s notes - if we agree this is the right way we will include those as an
appendix or right here. The upshot is to use the holographic coordinates, and assume that
the backreaction is small, which is translated to � ⌧ 1 (and nothing else, for example in
the case when we remove the UV brane there is not even a meaning to talk about the
hierarchy, since we go all the way to the AdS boundary). In the holographic coordinates,
neglecting the backreaction the scalar equation is simple:

�̈+ 4�̇� 4✏� = 0 (6.1)

The solution to this equation are the usual

�(t) = Ae

�(4+✏)t +Be

✏t (6.2)

Now we use the leading relation between A and t:

t = �A(y) ⇡ k(y � y

c

) (6.3)

Requiring that �(0) = �0 (which is just a BC in the UV, w/o actually having a brane
there):

�(y) = (�0 � A�

4+✏)e�✏ky + A�

4+✏

e

(4+✏)ky (6.4)

Now we will have a consistecy condition that will fix A to leading order: for ✏ ! 0 the
above has to reproduce the leading correction to A

0(y). Using (2.5) we find that A =
p
3


.
Now plugging this back into the full equation we find the leading corrections to A(y):

A

0(y) = k +
k

2

✓
e

2ky(4+✏)
�

8+2✏ � 1

3


2
�

2
0✏+

2p
3
e

�2ky✏
�0�

4+✏

✏� 4p
3
e

4ky
�0�

4+✏

✏�

✏�

8+2✏
✏�

8+2✏
e

2ky(4+✏) + 4✏�8+2✏
e

4ky
�

(6.5)
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neglecting non-linear terms (small back-reaction):

The cosmological constant at the minimum is

⇤e↵ ⇡ �1

2
✏ �0

s

��1

✓
6k



2
+ ⇤1

◆
(5.6)

6 Bulk Mass - Csaba/Jay/Brando version

We are using Jay’s notes - if we agree this is the right way we will include those as an
appendix or right here. The upshot is to use the holographic coordinates, and assume that
the backreaction is small, which is translated to � ⌧ 1 (and nothing else, for example in
the case when we remove the UV brane there is not even a meaning to talk about the
hierarchy, since we go all the way to the AdS boundary). In the holographic coordinates,
neglecting the backreaction the scalar equation is simple:

�̈+ 4�̇� 4✏� = 0 (6.1)

The solution to this equation are the usual

�(t) = Ae

�(4+✏)t +Be

✏t (6.2)

Now we use the leading relation between A and t:

t = �A(y) ⇡ k(y � y

c

) (6.3)

Requiring that �(0) = �0 (which is just a BC in the UV, w/o actually having a brane
there):

�(y) = (�0 � A�

4+✏)e�✏ky + A�

4+✏

e

(4+✏)ky (6.4)

Now we will have a consistecy condition that will fix A to leading order: for ✏ ! 0 the
above has to reproduce the leading correction to A

0(y). Using (2.5) we find that A =
p
3


.
Now plugging this back into the full equation we find the leading corrections to A(y):

A

0(y) = k +
k

2

✓
e

2ky(4+✏)
�

8+2✏ � 1

3


2
�

2
0✏+

2p
3
e

�2ky✏
�0�

4+✏

✏� 4p
3
e

4ky
�0�

4+✏

✏�

✏�

8+2✏
✏�

8+2✏
e

2ky(4+✏) + 4✏�8+2✏
e

4ky
�

(6.5)
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�(t) ⇡

slowly running piece

now Φ0 scans - finds minimum when quartic small
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Figure 2: Left, bulk scalar profile: �

full

(solid black), �
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(dashed red), and �
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(dotted blue).
Right, e↵ective AdS curvature, A0(y): same color code.

and equivalently for A0(y). In z = e�ky coordinates these are

A0
full

(z) =

0

@�1 +
2z8

z8 + �8 tanh2
⇣

p
3
(v1 � v0(µ0/�)✏)

⌘

1

A
�1

, (5.16)

�
full

(z) = v0

⇣µ0

z

⌘
✏

�
p

3

2
log

2

4�1 +
2z4

z4 + �4 tanh
⇣

p
3
(v1 � v0(µ0/�)✏)

⌘

3

5 . (5.17)

This solution exhibits the correct asymptotic behavior. We can see this explicitly in Fig. 2.
The full solution interpolates nicely between the running and the condensate dominated
solutions.

We can now compute the e↵ective potential for the dilaton as usual (again in the
�0,1 ! 1 limit)

V
UV

= µ4
0


⇤0 � 6k

2

�
, (5.18)

V
IR

= �4


⇤1 +

6k

2
cosh

✓
2p

3
(v1 � v0(µ0/�)✏)

◆�
sech2

✓
p
3
(v1 � v0(µ0/�)✏)

◆
. (5.19)

The UV e↵ective potential contains a constant piece, which must be tuned to zero in order
to obtain a flat 4D space (usual UV RS tuning). The IR potential is of the expected form
�4F [(µ0/�)✏]. This is the leading part of the potential, whose minimization will determine
the position of the minimum, h�i, up to O(✏) corrections. Recall also that the potentials
Eq. (5.18) and Eq. (5.19) are corrected by O(�2/µ2

0) once the dilaton-gravity kinetic mixing
is fully included, see Appendix E. It is therefore important to tune ⇤0 ' 6k/2 in order
not to generate a large �2 term.
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Boundary layer theory - asymptotic matching

in units of k



Two regions

1. � EOM in t = log µR coordinates

As we recall, the identification of scale as a function of y is the following:

(1) t = log µR = �A(y), so dt = �A0(y)dy

Using this relationship, we can resolve for A0(y) in terms of �:

(2) A02 =
2

12
�02 � 2

6
V (�) ! 2

12
A02�̇2 � 2

6
V (�)

Thus

(3) A02 = �2

6

V (�)

1� 2

12 �̇
2

Using the substitutions, we can also re-express the � EOM in t coordinates:

(4) �00 = 4A0�0 +
@V

@�

which becomes

A02�̈� A00�̇ = �4A02�̇+
@V

@�

A02�̈�
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3
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�
�̇ = �4A02�̇+

@V

@�
(5)

Substituting in the expression for A02 and simplifying gives us:
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6

2

@ log V

@�

� 
1� 2

12
�̇2

�
= 0

It may be useful to have this in terms of the AdS/CFT dual language, where we
have � = 1/b log g. In this case, the equation, in terms of � = ġ and g, we have

(7)
d
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g
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6b2

2
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�2
�
@ log V
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� "
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12b2

✓
�
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#
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We can even write this as a first order equation that relates the � function (in
principle) to the bulk potential:

(8)
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2
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For the constant potential (where the derivative of V vanishes), mathematica tells
me:

(9) �(g) =
2
p
3b


g tanh


2
p
3bc1 �

2p
3
 log g

�

1

Backreaction term
Eventually, back-reaction comes to dominate
IR Universality - condensate of d ~ 4 operator	


 (IR region has same behavior as constant bulk potential)
Full matched solution 	


(boundary layer theory/asymptotic matching)

The second region where we can find an analytic solution is the region where the condensate
dominates. In this case the behavior of the scalar is dominated by the �00, �0 terms and
the additional bulk potential is negligible. In this case we recover the equations for the
zero bulk mass considered in the previous section. Thus there is a universality in the IR
behavior of the solution, since it is dominated by the dimension 4 condensate. Therefore
in this IR “condensate region” (denoted by the subscript c) the solution is given by

A0
c

(y) = �k coth (4k(y � y
c

)) (5.6)

�
c

(y) = �
m

�
p

3

2
log (� tanh (2k(y � y

c

))) , (5.7)

where �
m

is the matching value of the scalar field. Applying the method of asymptotic
matching for a boundary layer theory we obtain the matching conditions:

lim
y!�1

�
c

= lim
y!y1

�
r

) �
m

= �0e
✏ky1 (5.8)

lim
y!�1

A0
c

= lim
y!y1

A0
r

) k = k (5.9)

The details of this matching are explained in Appendix D.

As before, to determine the constants �0 and y
c

we impose the UV BC for �
r

and the
IR BC for �

c

:

2�0
r

|
y=y0 = +

@V0

@�
|
�(y)=�r(y0) , (5.10)

2�0
c

|
y=y1 = �@V1

@�
|
�(y)=�c(y1) (5.11)

from which we find, in the limit �0, �1 ! 1,

�0 = v0µ
✏

0 , (5.12)

� = � tanh1/4

✓
p
3
(v1 � �

m

)

◆
. (5.13)

To simplify our expressions we have used the alternate definition of the dilaton, the UV
scale and the condensate µ0 = e�ky0 , � = e�kyc , and � = e�ky1 . As we learned from the
constant bulk potential case, the distance between the singularity and the IR brane, or
equivalently �/�, depends on the IR potential parameters, in particular on the di↵erence
between �(y1) = v1, and �(y0) = v0, where the latter is now modulated by (µ0/�)✏.

The full approximate solution3 to the system is

�
full

(y) = �
r

(y) + �
c

(y) � �
m

(5.14)

= v0 e✏k(y�y0) �
p

3

2
log (tanh (2k(y

c

� y))) (5.15)

3We have dropped a term
p
3

2 log (tanh (2k(yc � y0))) which is exponentially small for yc � y0, but which
strictly ensures �(y0) = v0. This term would be automatically included if the matching of the �r was at
y = y0 instead of y ! �1. This approximation propagates to Eq. (5.13), and amounts to unimportant
O(�/µ0) corrections.
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Dilaton comes out light (with suppressed CC):

m2

dilaton

⇠ ✏f2 ⇤CC ⇠ ✏f4

Condensate balances other contributions naturally	

(IR brane tension mistune)
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Figure 3: The plot of the e↵ective dilaton potential Eq. (5.19) for the parameters ✏ = 0.1,
v0 = 0.1, v1 = 4.5, ⇤1 = �50, µ0 = 1, and  = 0.5, all of them in units k = 1. The plot in
the right is a zoom of the region where the minimum of the potential is.

To leading order in ✏, the condition for the minimum of the potential is

@V
IR

@�
= �3 (4F [(µ0/�)✏] + F 0[(µ0/�)✏]✏(µ0/�)✏) = 0 (5.20)

leading to a dilaton VEV

h�i
µ0

=

 
v0

v1 � sign(✏)
p

3
2

arcsech(�6k/2⇤1)

!1/✏

+ O(✏) (5.21)

while the potential will be obviously of order F [(µ0/�)✏] = O(✏). Notice that for this to be a
good minimum we need ⇤1 < 0 and |⇤1| > 6k/2. One can clearly see from Eq. (5.19) that
if these conditions are not satisfied then the e↵ective quartic is always positive F [�/µ0] > 0
for all �, and the minima can only be found at h�i = 0 or h�i = µ0. Furthermore, in order
for the e↵ective quartic to be positive at � = µ0 (thus avoiding this as a minimum), one
must have |⇤1| < 6k



2 cosh( 2p
3
(v1 � v0)). This condition is easily satisfied, either if v1 � v0,

a condition consistent with ✏ > 0, or v0 � v1, consistent with ✏ < 0. However, notice that
a large hierarchy, which in this scenario it is given by the point where 6A0/2 compensates
⇤1, is easier to produce for the case ✏ > 0, since in this case v1 �v0(µ0/�)✏ runs slower than
for ✏ < 0. This is the scenario we have advocated for naturally canceling a large quartic
at the scale µ0. We show a plot of the potential (5.19) in Fig. 3, where we can see that a
shallow stable minimum with a small mass is indeed generated.

The dual CFT interpretation of the potential Eq. (5.19) for the interesting ✏ > 0 is
simple. The quartic in the absence of perturbation (that is v0 = 0) is given by F0 =
⇤1 + 6k



2 cosh( 2p
3
v1). This is generically large and positive, hence there is no SBSI at high

scales. Once the perturbation is turned on, it grows larger in the IR, v0(µ0/�)✏. This in turn
decreases the e↵ective quartic, until the minimum F [�/µ0] = O(✏) is found. E↵ectively,
the dilaton quartic coupling relaxes to zero at �/µ0 ⌧ 1. At this point SBSI will occur.
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You get a hierarchy:

The Outcome

UV value still tuned to be small 	

- only erase condensate contributions



v/f? - Lessons from Holgraphy
What is f?

For example for the canonical choice of v0 = 1, v1 = 1/10, ✏ = 1/15 one finds � ⇠ 4000,
a per mil level tuning. Without this tuning there would be no hierarchical minimum with
a small back reaction. That would be realized with ✏ < 0 (a relevant deformation) and �
becoming non-perturbative at low energies, but then no trace of a dilaton associated with
SBSI would remain.9

Once the hierarchy is established, one can try to see if the radion can be made to have
properties similar to the Higgs. It turns out that the main obstacle is to obtain f ⇡ v. The
point is that the kinetic term of the radion (in the normalization we have used so far) is very
large, it is in fact enhanced [56–58] by the factor N2 = 12(M⇤R)3, which by the requirement
that the gravitational theory is calculable should be N � 1. This leads to an enhancement
for the expression of the physical value of the scale of SBSI for the RS model:

f (RS) =
1

R0

p

12(M⇤R)3 (7.10)

This is the scale that will suppress all the dilaton couplings. If one were to do away with
the Higgs doublet localized on the IR brane and try to substitute the radion for the higgs,
the expression for v/f using the basic relations for higgsless models [60] would be given by

v

f (RS)
=

2

g

1

N
q

log R0

R

. (7.11)

For calculable gravity models with a hierarchy one finds v/f ⌧ 1. Alternatively one could
consider a theory with a very heavy higgs on the IR brane, in which case one just finds

v

f (RS)
=

vR0

N
, (7.12)

again yielding v/f ⌧ 1 assuming that the KK scale is of order 1/R0 ⇠ 1 TeV. Thus the basic
RS radion can not be successfully used to replace the higgs. On the other hand, due to the
very large kinetic term for the radion its mass will be even further suppressed compared to
the KK mass scale:

m2
dil =

16

NR02

✓

v1
p��a� �a

2

◆

✏+O(✏2) . (7.13)

Once �a is tuned to obtain the right minimum
p��a ⇠ O(v1) we can see that we get a

radion mass that is significantly lighter than the KK mass scale in the theory as explained
in [31, 56–58]:

mdil ⇠ MKK
2v1

p
✏

p

12(M⇤R)3
. (7.14)

9To avoid this tuning and keep a light dilaton in the spectrum, one would like to find an explanation for
why in the limit ✏ ! 0 one also finds �a ! 0, as in the construction of Contino, Pomarol, Rattazzi [59].
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becoming non-perturbative at low energies, but then no trace of a dilaton associated with
SBSI would remain.9

Once the hierarchy is established, one can try to see if the radion can be made to have
properties similar to the Higgs. It turns out that the main obstacle is to obtain f ⇡ v. The
point is that the kinetic term of the radion (in the normalization we have used so far) is very
large, it is in fact enhanced [56–58] by the factor N2 = 12(M⇤R)3, which by the requirement
that the gravitational theory is calculable should be N � 1. This leads to an enhancement
for the expression of the physical value of the scale of SBSI for the RS model:

f (RS) =
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This is the scale that will suppress all the dilaton couplings. If one were to do away with
the Higgs doublet localized on the IR brane and try to substitute the radion for the higgs,
the expression for v/f using the basic relations for higgsless models [60] would be given by
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For calculable gravity models with a hierarchy one finds v/f ⌧ 1. Alternatively one could
consider a theory with a very heavy higgs on the IR brane, in which case one just finds
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again yielding v/f ⌧ 1 assuming that the KK scale is of order 1/R0 ⇠ 1 TeV. Thus the basic
RS radion can not be successfully used to replace the higgs. On the other hand, due to the
very large kinetic term for the radion its mass will be even further suppressed compared to
the KK mass scale:
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Once �a is tuned to obtain the right minimum
p��a ⇠ O(v1) we can see that we get a

radion mass that is significantly lighter than the KK mass scale in the theory as explained
in [31, 56–58]:
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9To avoid this tuning and keep a light dilaton in the spectrum, one would like to find an explanation for
why in the limit ✏ ! 0 one also finds �a ! 0, as in the construction of Contino, Pomarol, Rattazzi [59].
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Higgsless dilaton:

For example for the canonical choice of v0 = 1, v1 = 1/10, ✏ = 1/15 one finds � ⇠ 4000,
a per mil level tuning. Without this tuning there would be no hierarchical minimum with
a small back reaction. That would be realized with ✏ < 0 (a relevant deformation) and �
becoming non-perturbative at low energies, but then no trace of a dilaton associated with
SBSI would remain.9

Once the hierarchy is established, one can try to see if the radion can be made to have
properties similar to the Higgs. It turns out that the main obstacle is to obtain f ⇡ v. The
point is that the kinetic term of the radion (in the normalization we have used so far) is very
large, it is in fact enhanced [56–58] by the factor N2 = 12(M⇤R)3, which by the requirement
that the gravitational theory is calculable should be N � 1. This leads to an enhancement
for the expression of the physical value of the scale of SBSI for the RS model:

f (RS) =
1

R0

p

12(M⇤R)3 (7.10)

This is the scale that will suppress all the dilaton couplings. If one were to do away with
the Higgs doublet localized on the IR brane and try to substitute the radion for the higgs,
the expression for v/f using the basic relations for higgsless models [60] would be given by
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For calculable gravity models with a hierarchy one finds v/f ⌧ 1. Alternatively one could
consider a theory with a very heavy higgs on the IR brane, in which case one just finds
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, (7.12)

again yielding v/f ⌧ 1 assuming that the KK scale is of order 1/R0 ⇠ 1 TeV. Thus the basic
RS radion can not be successfully used to replace the higgs. On the other hand, due to the
very large kinetic term for the radion its mass will be even further suppressed compared to
the KK mass scale:
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Once �a is tuned to obtain the right minimum
p��a ⇠ O(v1) we can see that we get a

radion mass that is significantly lighter than the KK mass scale in the theory as explained
in [31, 56–58]:
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9To avoid this tuning and keep a light dilaton in the spectrum, one would like to find an explanation for
why in the limit ✏ ! 0 one also finds �a ! 0, as in the construction of Contino, Pomarol, Rattazzi [59].
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Heavy IR Higgs

Far too small to be consistent with LHC data	

Suppressed by large N (perturbativity of 5D model)

For example for the canonical choice of v0 = 1, v1 = 1/10, ✏ = 1/15 one finds � ⇠ 4000,
a per mil level tuning. Without this tuning there would be no hierarchical minimum with
a small back reaction. That would be realized with ✏ < 0 (a relevant deformation) and �
becoming non-perturbative at low energies, but then no trace of a dilaton associated with
SBSI would remain.9

Once the hierarchy is established, one can try to see if the radion can be made to have
properties similar to the Higgs. It turns out that the main obstacle is to obtain f ⇡ v. The
point is that the kinetic term of the radion (in the normalization we have used so far) is very
large, it is in fact enhanced [56–58] by the factor N2 = 12(M⇤R)3, which by the requirement
that the gravitational theory is calculable should be N � 1. This leads to an enhancement
for the expression of the physical value of the scale of SBSI for the RS model:

f (RS) =
1

R0

p

12(M⇤R)3 (7.10)

This is the scale that will suppress all the dilaton couplings. If one were to do away with
the Higgs doublet localized on the IR brane and try to substitute the radion for the higgs,
the expression for v/f using the basic relations for higgsless models [60] would be given by
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For calculable gravity models with a hierarchy one finds v/f ⌧ 1. Alternatively one could
consider a theory with a very heavy higgs on the IR brane, in which case one just finds
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=
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, (7.12)

again yielding v/f ⌧ 1 assuming that the KK scale is of order 1/R0 ⇠ 1 TeV. Thus the basic
RS radion can not be successfully used to replace the higgs. On the other hand, due to the
very large kinetic term for the radion its mass will be even further suppressed compared to
the KK mass scale:
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Once �a is tuned to obtain the right minimum
p��a ⇠ O(v1) we can see that we get a

radion mass that is significantly lighter than the KK mass scale in the theory as explained
in [31, 56–58]:
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9To avoid this tuning and keep a light dilaton in the spectrum, one would like to find an explanation for
why in the limit ✏ ! 0 one also finds �a ! 0, as in the construction of Contino, Pomarol, Rattazzi [59].
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It does suppress mass (once quartic tuning imposed):

Goldberger-wise:
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Conclusions
• If the 126 GeV resonance is a dilaton, it must be 

uncannily Higgslike	


• Tensions:  EWP,  Flavor,  mass tuning, Higgs fits	


• crucial to pin down properties with more data	


• Light dilatons:	


• ID’d class of potential theories -  
 “scan” landscape of quartics to achieve SBSI (CPR) 	


• non-supersymmetric models with light dilatons 
seem very special - small β for large range of 
strong coupling


